We attempted to control the density and size of InP-based nanowires (NWs) and nanowire quantum dots (NW-QDs) during selective-area metalorganic vapor phase epitaxy. InP nanowire arrays with a 5 µm pitch and an average NW diameter d of 67 nm were successfully grown by optimization of growth conditions. InAsP quantum dots were embedded in these density-controlled InP NW arrays, and clear single-photon emission and exciton-biexciton cascaded emission were confirmed by excitation-dependent photoluminescence and photon correlation measurements.
along the [111] direction of zincblende crystals in III-V semiconductors, and the higher symmetry of QDs on the (111)-oriented surface than those on the (100)-oriented surface makes it possible to suppress the fine-structure splitting of excitons in QDs. 12) Note that attempts have been made to realize all these features in SA-QD systems. As reported in Refs. 13 and 14, postgrowth selection followed by processing has been realized by sophisticated in situ lithography with SA-QDs embedded in microcavities and pn junctions. In NW-QD systems, on the other hand, these features, which are particularly important for single-photon sources, are realized in a more natural and straightforward way.
Among III-V semiconductor NWs, InP-based NWs [15] [16] [17] [18] [19] [20] [21] are important for photonic devices because their band-gap energy is compatible with the wavelength used in optical fiber telecommunication, and one of the important applications of QDs is in single-photon sources used in quantum information and quantum cryptography. The formation of NW-QDs by InPbased materials by a catalyst-assisted vapor-liquid-solid (VLS) mechanism 22, 23) or selectivearea metalorganic vapor phase epitaxy (SA-MOVPE) 5, 24) has been studied towards achieving a single-photon emitter in the optical communication band. Detailed studies have been carried out on their optical properties 25) and single-photon emission 23, 24) and entangled photon emission 26) has been demonstrated in these studies. Some of the remaining issues of NW-QDbased single-photon emitters are the control of emission wavelength and electrically driven operation. For the former, the capability of emission control by changing the compositions of As and P or the growth time of InAsP was partly demonstrated in our previous study, 5) but to the best of our knowledge, this has not yet been achieved in the optical communication band and remains a challenge. For the latter, as mentioned in the previous paragraph, NWQDs have a major advantage for electrical operation; thus, if the NWs are sufficiently apart from each other, one can easily realize a single-photon emitter without postgrowth selection.
For this, however, optimization of growth conditions for low-density NWs is necessary because the distance between the NWs critically affects the dynamics of their growth via the gas phase/surface diffusion of growth species, for example, as reported in Ref. 27 . In addition, smaller and low-density arrays of patterned mask holes in SA-MOVPE sometimes result in a difficulty in the initial nucleation of NWs. 28) It is thus necessary to realize NW arrays with a small NW diameter (< 100 nm) independent of the NW pitch a, which is important for ensuring the formation of a single QD in a single NW with good wavelength reproducibility.
The purpose of this study is to control the density as well as the size of InP NWs and realize NW-QDs using density-controlled NW arrays. We will first show that the conventional growth conditions are not directly applicable, but by optimizing the growth conditions,
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InP NW arrays with 5 µm pitch and an average NW diameter of 67 nm were successfully formed. Using these optimized growth conditions, a single InAsP QD was also realized in a low-density InP NW array. The grown NW-QDs showed clear excitonic and biexcitonic photoluminescence (PL). Furthermore, photon correlation measurement revealed clear photon antibunching and bunching emissions in exciton and biexciton emissions, respectively, which is the most unambiguous proof and important property of single-photon emitters with QDs.
Experimental procedure
The selective-area growth of InP-based NWs was carried out by MOVPE on an InP (111)A substrate, on which a periodic array of circular mask holes with the diameter d 0 was defined.
The mask holes were arranged in a triangular lattice with the period a, ranging from 1 to 6
µm. The hole size of the SiO 2 mask was in the range from 50 to 100 nm. Trimethylindium NWs was fixed at 605 • C. The V/III ratio was slightly higher and T G was lower than those used in our previous study 20) on optimizing InP NWs with the wurtzite crystal structure. The effect of this difference will be discussed later. because of the smaller distribution coefficient of P 29) and from our previous results. 5) The partial pressure of [TMIn] was 1.04 × 10 −6 atm, which was determined after the optimization of the InP NW growth conditions. For characterization, scanning electron microscopy (SEM) and low-temperature PL measurement were carried out. Photon statistics was investigated in the standard Hanbury BrownTwiss measurement setup using superconducting nanowire single-photon detectors. Figure 1 summarizes the results of InP-NW growth and its dependence on the period of the NW array. Here, d 0 was 100 nm, T G was 605 • C, the V/III ratio was 38.6, and [TMIn] was 2.43 × 10 −6 atm. The growth time was 20 min. When a was 1 µm, a uniform array of NWs was formed, as shown in Fig. 1(a) . However, the uniformity deteriorated and some selectively grown InP NWs were anomalously thick when a was 5 µm, as shown in Fig. 1 
Results and discussion

Density control of InP NW array
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The deterioration of the uniformity and yield of the NWs with the increase in a is clearly summarized in Fig. 1(c) , in which the formation rate of the NWs and their average diameter are plotted as a function of a. Although the average diameter d is in the range of 300-350 nm and nearly independent of a, the fluctuation of size increases and the yield decreases as a increases.
As we described in the previous section, the present growth temperature was lower than that used in Ref. 20 and in a more recent study reported in Ref. 30 . Actually, the larger d, that is, the enhanced lateral growth of the present NWs, suggests that T G is somewhat lower than the optimum value for obtaining wurtzite NWs with minimal lateral growth, however, we do not consider that this is a major reason for the nonuniformity for large a. As shown in the top-right inset of Fig. 1(a) , the surface of the side facet of a hexagonal NW is normal to the ⟨211⟩ direction of the InP substrate, which indicates the formation of wurtzite InP 20) surrounded by { 1100 } planes. The negligible tapering suggests little inclusion of the zincblende crystal phase. 31) The orientation of the hexagon and the degree of tapering are independent of a; thus, it is expected that wurtzite InP was formed independent of a. This wurtzite phase of InP is formed at a high temperature and a low III-V ratio. In Fig. 1(c) , the average height h of the NWs is also plotted as a function of a, and within the experimental error, h decreases as a increases. This indicates that the growth is in the synergetic growth mode, 27) or the desorption of group III atoms occurred during their diffusion and incorporation into NWs. This situation is discussed in detail in Refs. 20 and 32 in the case of SA-MOVPE, and an important similarity between them is the relatively high growth temperature. Thus, we considered that the temperature is not necessarily lower than that in our previous studies, and the difference in the growth temperature and other conditions is partly due to the difference in the MOVPE system used for the experiment. In fact, the growth of InP NWs at T G ≥ 635 • C was carried out but very little growth and short NWs were observed, and the uniformity and yield were thicker NWs with the zincblende crystal structure, although there was some improvement in the uniformity (see supplementary data for a discussion of growth temperature dependence).
Therefore, optimization of growth temperature alone is not very effective for obtaining a uniform array of InP NWs with a sufficiently small NW diameter d and a large period a.
As an alternative pathway for optimization, we investigated the dependence of the NW growth on the TMIn supply rate, and the results are summarized in Fig. 2 
Growth and PL characterization of NW-QDs
Next, InP NWs containing InAsP QDs were grown, which are shown in the SEM images in Fig. 4 We can see that uniform arrays of NWs containing InAsP layers were formed. The NWs were tapered, which is due to the growth at a somewhat lower temperature and the deviation from the ideal growth conditions for wurtzite InP NWs. 31) Figure 5 shows the lowtemperature PL spectrum of a single NW-QD. We can see strong emission approximately at 1.49 and 1.44 eV, which is attributable to InP with a mixture of wurtzite and zincblende structures. 31) In addition, peaks originating from InAsP were observed, and in this sample two peaks, named X and XX, were observed at approximately 1.325 eV. These PL peaks are considered to originate from an exciton and a biexciton in a single QD, which was confirmed by the excitation-dependent measurement of PL (see supplementary data). We measured 95 NWs in the 5-µm-pitch arrays, and about 90% of them showed multiple peaks originating from the InAsP layer, and very few showed the signature of the single QDs, as shown by this spectrum.
The wavelength of the emission showing multiple peaks extended up to 1.2 µm, indicating large fluctuations of the composition and thickness of the InAsP layer, which should be prevented for wavelength control. Even in such a case, we were able to confirm the emission of excitons and biexcitons in the QDs from about 10 NWs by a more systematic measurement, one of the results of which is shown in the next section.
In this spectrum of the NW-QD, note that peak XX appears at a higher energy than peak X. The energy difference between the emission of excitons and biexcitons was investigated on the basis of their assignment using excitation-intensity-dependent PL, and it was found that almost half of them showed the negative binding of excitons. Because the sample number was not sufficient and the data were scattered, it was not clear whether the negative binding has some dependence on the emission energy of excitons 33) (see supplementary data). Nevertheless, the negative binding of excitons originated from the strong confinement of electrons and, in particular, holes, thus, suggesting the formation of a small QD in a NW. 
Single-photon correlation measurement
Finally, we describe the photon statistics of the emission from a NW-QD. The excitation intensity dependence of the PL spectrum of the NW-QD used in the correlation measurement is summarized in Fig. 6 . Clear emission due to excitons and biexcitons from the NW-QD was confirmed, respectively, showing linear and quadratic increases in the integrated PL intensity as the excitation intensity increases.
Figures 7 and 8 show typical results of autocorrelation (X-X) and cross-correlation (X-XX) measurements under pulsed and cw excitation, respectively. The NW-QD was optically pumped under a barrier excitation condition. The emissions of X and XX were spectrally selected by 0.5-nm-wide band-pass filters after their spatial separation using a 50/50 nonpolarized beam splitter. The photon antibunching behavior in the X-X correlation was clearly observed under both excitation schemes. In the X-X correlation result in Fig. 7 , the coincidence count at a zero delay is suppressed and the normalized coincidence with time bins of 4.8 ns is 0.44, which is lower than the quantum limit. In the X-XX correlation, the time spectrum at around the zero delay is asymmetric and shows an abrupt increase at a negative
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PL intesity (arb. unit) delay, which indicates a cascade emission process from the biexciton to exciton state.
Furthermore, cw-like antibunching in the pulse-based X-X correlation was observed, indicating that residual carriers were injected from the InP NW over the timescale of the X-decay of 4.72 ns (see top graph of Fig. 7) , which was deduced from the X-pulse excitation laser correlation. Therefore, greater suppression of multiphoton generation was expected; however, insufficient effective time resolution prevented us from determining the g (2) (0) value, which is one of the most important indicators of the purity of single-photon generation.
Therefore, we analyzed the normalized coincidence of X under the cw excitation condition (Fig. 8 ) using a simple three-level model (inset of Fig. 8) .
Here, P i (t) (i = 0, 1, 2) represents the probability of a QD containing i excitons at time t 
X (0) = 0.183 ± 0.041 were obtained. Note that the fittings for the X-X and the X-XX correlations were carried out independently, but the obtained g (2) (0) and g (2) X (0) were consistent within the experimental and fitting errors. The g (2) (0) value obtained in the present experiment is comparable to that in our previous report but not as small as the lowest values obtained for InP-based NW-QDs. 26) This NW-QD showed multiple peaks originating from the InAsP layer; hence, it is likely that the background emission limits the value of g (2) (0). Thus, to improve and obtain a much smaller g (2) (0), one of the key issues is to suppress unwanted InAsP growth. At present, the formation mechanism of the QDs in our InP NWs has not been clarified, but the formation of QDs on the sidewall as well as on top of the NWs is possibly due to the substitution of P with As. Therefore, further optimization of the growth conditions to guarantee the formation of single QDs on top of NWs is required as well as to control the emission wavelength for use in quantum information and quantum cryptography applications.
Conclusions
We have succeeded in controlling the density of InP-based NWs by manipulating the growth conditions in SA-MOVPE. The optimization of growth temperature alone was not sufficient to obtain NW arrays with a large pitch and a small NW diameter, and control of the In supply was found to be effective for realizing a uniform NW array. NW-QDs consisting of InP NWs and InAsP quantum dots have also been successfully formed in these density-controlled NWs, and their PL and photon statistics clearly showed the nature of the QDs. 
